Airframe noise is becoming increasingly important during approach, even reaching higher noise levels than the engines in some cases. More people are affected due to low flight altitudes and fixed traffic routing associated with typical approaches. For most aircraft types, the landing gear system is a dominant airframe noise source. However, this element can only be modeled in an approximate manner in wind tunnel experiments. In this research, flyovers of landing aircraft were recorded using a 32 microphone array.
I. Introduction
F or decades, aircraft noise has been a continuous nuisance for residents living in the surroundings of airports. This problem also affects the aerospace industry, because noise regulations are becoming stricter leading to the limitation of the capacity of airports, night curfews and penalties to the airlines. All these facts occur in a situation with a continuous growth of air traffic (around a 5% rate per year up to 2013 [1] ), which is expected to aggravate the problem even more in the near future.
Engine noise has been reduced significantly on modern aircraft thanks to the implementation of high bypass ratio turbofan engines and acoustic lining around the 1970s [2, 3] . The reduction is such that, during landing, engines are not always the dominant noise source anymore and airframe noise, namely the noise produced by the interaction of the aerodynamic surfaces with the surrounding turbulent flow [4] , is becoming more relevant, generating in some cases higher Sound Pressure Level (SPL) values than the engines. The dominant airframe noise source in most cases is the landing gear system [3, 5] , followed by the leading edge and trailing edge devices, if deployed.
To determine the relative noise contributions of the aircraft elements, microphone arrays can be employed. Beamforming algorithms are applied to the array acoustic data to estimate the location and amplitude of sound sources at a selected frequency. Flyover tests with microphone arrays are the only feasible method to accurately measure the sound sources of an aircraft in real flight conditions, which are very difficult to represent in a precise way in wind tunnel experiments or numerical simulations [6] . For the case of landing gear noise, the study of small scale models in wind tunnels is usually not accurate enough due to the lack of geometrical detail in these models and the violation of the Reynolds similarity condition [3, 5, 7] . For instance, the presence of parasitic noise sources, which can contribute significantly to the overall airframe noise signature, may be overlooked [3] .
In this research, 115 flyovers were recorded using a 32 microphone array to determine the main aircraft noise sources and their relative contributions for a variety of aircraft types under operational conditions. This paper focuses on 7 Airbus A320 and 23 Fokker 70 flyover measurements. Special emphasis was placed on the nose landing gear noise, studying its behavior in terms of frequency and aircraft velocity. Moreover, a correlation analysis was performed as an attempt to relate the observed variations in the noise levels from the landing gear to other factors, such as the aircraft velocity.
In addition, the experimental frequency spectra were compared with the results provided by an aircraft system noise prediction tool.
II. Experimental setup
The experimental campaign took place at Amsterdam Airport Schiphol, where 115 landing flyover measurements were recorded using a 32 microphone array arranged in a spiral distribution, see Fig. 1(a) . The array has an effective diameter of 1.7 m and uses band filters for the frequency range from 45 Hz to 11, 200 Hz. The sampling frequency employed was 40 kHz. Moreover, an optical camera was integrated in the center of the array at a fixed angle facing straight up, allowing the use of video footage synchronised with the acoustic data. The measurements were taken during two days with similar weather conditions and low wind speed [8] .
Flight trajectories during landing are usually more regular than the ones for take-off, because all aircraft follow the Instrument Landing System (ILS) approach. In addition, the main reason for recording landing aircraft is because the engines are usually at approach idle or low fan rotational speed, so engine noise is less dominant and, thus, it is more likely to identify airframe noise sources. Hence, the microphone array was located 1240 m to the South of the threshold of the Aalsmeerbaan runway (36R), mainly used for landing, as illustrated in Fig. 1(b) . To be able to properly correct the propagation and Doppler effects, the trajectories of the aircraft need to be precisely determined. To that end, three different approaches [9] were used: The ADS-B (Automatic Dependent Surveillance-Broadcast), the ground radar from air traffic control, and the extrapolation of the optical camera images. The agreement between the results from the three methods is satisfactory. The optical camera data are preferred due to its availability and because it is easier to overlay the beamforming source plots to the optical frames. The other methods were used as a validation for the trajectory estimations. The average flight altitude and average aircraft velocity above the array were determined to be 67 m and 271 km/h, respectively. For such close distances to the threshold, small variations of velocity and altitude can be expected along the standard ILS approach.
The recorded acoustic data correspond to 13 different aircraft families, depending on the type of engine installed, see table 1. For this paper, only the Airbus A320 (7 flyovers) and Fokker 70 (23 flyovers) cases are further investigated. The Airbus A320 type was separated in two different categories because they were equipped with different engines. However, because this research focuses on airframe noise, both categories were analyzed together. 
III. Beamforming method

A. Data preprocessing
Several preprocessing considerations need to be taken into account for the case of flyover measurements. To perform these corrections, the aircraft flight trajectories need to be accurately estimated, as was mentioned in Sec. II.
1. First of all, to avoid amplification errors, the background noise needs to be considered, such as the noise generated by the microphone array electronics or the ambient noise. Thus, all the SPL values in the spectrograms under a 30 dB threshold value were neglected [8] .
2. Secondly, the Doppler effect due to the relative motion of the aircraft with respect to the observer needs to be corrected to determine the emitted frequencies. A resampling of the data is required, as stated by Howell et. al. [10] . Moreover, the effect of the moving source also affects the time delays considered for the beamforming algorithms [6, 9] .
3. Lastly, the propagation effects (namely the geometrical spreading and the atmospheric absorption) have to be considered for obtaining the actual SPL values at the source location [2, 8] .
B. Functional beamforming
Functional beamforming is a novel technique recently developed (2014) by Dougherty [11, 12] . This method is based on the conventional frequency domain beamforming (CFDBF) algorithm, also known as delay-andsum, which is the most widely used method for aeroacoustic experiments [6, [13] [14] [15] [16] [17] [18] . The performance of functional beamforming depends on an exponent parameter ν which needs to be set by the user.
The source autopower (A ν ) expression for the functional beamformer is based on the eigenvalue decomposition of the cross-spectral matrix C. For the general case of a N -microphone array and for a general grid point ξ j in the scan plane:
where an asterisk (·) * denotes the complex conjugate transpose, U is a unitary matrix whose columns are the eigenvectors of C, Σ is a diagonal matrix whose diagonal elements are the eigenvalues of C, and w j ∈ C N ×1 is the normalized steering vector, g j ∈ C N ×1 , for that grid point ξ j . The steering vector accounts for the phase shifts and change in amplitude between the source and each microphone [6, 9, 19] . Different steering vector normalizations are found in the literature [20] , but none of them is able to provide the exact source location and the correct source strength at the same time, although the errors are typically small for acoustic sources close to nadir, as considered in this paper. In this research, two different normalizations were employed. The first one provides the correct source position [Eq. (2)] and the second one the correct source strength [Eq. (3)].
A compromise solution is to first calculate the source plot with the correct source positions using Eq. (2) in Eq. (1) and later correct the SPL values of the whole source plot according to the ones obtained when using Eq. (3) in Eq. (1) . In this way, a satisfactory combination of estimating both source strength and location is achieved.
With functional beamforming, the Point Spread Function (PSF) factor is now powered to the exponent ν [11] . Therefore, powering the PSF at a sidelobe will lower its level, leaving the true source value identical. For ideal conditions, the dynamic range (the difference in decibels between the main lobe and the highest sidelobe [6] ) for the functional beamforming should increase linearly with the exponent value, ν [11] . Thus, for an appropriate exponent value the dynamic range is significantly increased. The beamforming peak will also be sharpened, improving the array spatial resolution (width of the main lobe 3 dB under the peak [21] ) to some extent. The computational time for the functional beamforming is basically identical to the CFDBF, because the only relevant operation added is the eigenvalue decomposition of C, which is typically faster than the rest of steps involved in the beamforming process. Notice that the case with ν = 1 corresponds to the CFDBF formula.
In previous work, functional beamforming has been applied for numerical simulations [9, 11, 12] , idealized cases with speakers as experimental noise sources, and controlled experiments with components in a laboratory [11, 12] . This algorithm was also tested recently [9, 19] for practical aeroacoustic experiments on full-scale aircraft during operational conditions indicating a dynamic range (in decibels) approximately 30 times larger and an array spatial resolution 6 times better than the CFDBF. Thus, this algorithm is more suitable for flyover measurements.
IV. Experimental results
Henceforth, all the presented results refer to emission angles of 90
• , i.e., the direction perpendicular to the aircraft, pointing down and at the source position. The azimuthal angle was considered to be 0
• , i.e., within the aircraft symmetry plane.
A. Analysis of the Airbus A320 nose landing gear noise
After analyzing the acoustic frequency spectra from each flyover, it was observed that all the measurements from the Airbus A320 family present a high tonal peak in a frequency range between 1500 and 1750 Hz, see Fig. 2(a) . The source plots after using functional beamforming with ν = 100 at those peak frequencies showed that the tonal noise is generated at the nose landing gear position, see Fig. 2(b) . Interestingly, analogous frequency peaks and source location were found by Michel and Qiao [5] for a single-aisle aircraft. The main landing gear system (both bogies) was not a dominant sound source at this particular frequencies, but it usually has a similar contribution than the nose landing gear [3, 22] , as will be shown later in Sec. IV.B. However, it is more difficult to isolate the noise coming from the main landing gear, due to the proximity to the engines in most aircraft types, which can obscure the beamforming source plots. This is a problem especially at low frequencies, due to the Rayleigh criterion [5, 23] . It is interesting to notice that the frequency of the aforementioned tonal peaks for all the seven Airbus A320 in this research does not seem to have a significant correlation with the aircraft velocity (see Fig. 3 ) because the correlation coefficient, ρ ≈ 0.16, is considerably low and the p−value ≈ 0.73 is much larger than the 0.05 threshold typically used for determining whether a correlation is significant or not [22] . This fact indicates that these tones are likely to be caused by a flow-induced cavity resonance in the landing gear system, as suggested by Michel and Qiao [5] and Dobrzynski [3] . This cavity noise depend on both the geometry of the orifice and the local flow conditions [3] . For sound waves with a frequency of around 1700 Hz and a sound speed of c = 340 m/s, the approximate value of the half-wavelength is 10 cm. This length is of the same order of magnitude as the dimensions of some of the many components of the nose landing gear for this aircraft type [24] , such as the towing fitting width, which would explain the presence of the tonal peaks found in the spectra.
B. Relative contribution of the landing gear noise
The relative contribution of the landing gear noise was initially studied for two different aircraft types: the Airbus A320 and the Fokker 70. These vehicles have been selected for this initial assessment due to their prominent airframe noise [22] and their market share and, hence impact on community noise. Figure 4 contains an example of a source plot for each aircraft, which depicts the Overall SPL (OASPL) when the nose landing gear is above the array. Functional beamforming with ν = 100 and a time interval of 0.1 s were used to obtain these results. It can be observed that for the Airbus A320 [ Fig. 4(a) ], the nose landing gear is a dominant source, as well as what it seems to be a combination of flap noise and main landing gear noise, with possible contribution of the engines exhaust as well. As mentioned before, it is difficult to separate the individual noise contribution of the main landing gear with the current setup. On the other hand, the engines of the Fokker 70 [ Fig. 4(b) ] are mounted at the back of the fuselage, further away from the main landing gear than for the Airbus A320 case. This allows for a separation of both sources, as performed by Snellen et. al. [22] , showing that the whole main landing gear has a contribution approximately 4 dB larger than the nose landing gear. Fig. 4 ). The Airbus A320 nose landing gear average OASPL is only 4 dB lower than the average total OASPL of the whole aircraft, confirming the importance of this noise source. The variability of the total OASPL (4.6 dB) is smaller than the variability of the nose landing gear OASPL (6.9 dB). This fact indicates that other noise sources of similar magnitude are present as well. For the Fokker 70 the main landing gear is the strongest noise source presenting an average OASPL approximately 4 dB lower than the average total OASPL, whereas the nose landing gear presents average values 8 dB lower than the total. The variability of the total OASPL (7.5 dB) is now slightly larger than those of the different sources: main landing gear (6.4 dB) and nose landing gear (6.2 dB). The variabilities for both aircraft types are of the same order of magnitude. A correlation analysis for these variabilities is presented in the following subsection. Figure 5: Boxplot of the measured total OASPL and the OASPL at the landing gear system. On each box, the central mark is the median, the edges of the box are the 25 th and 75 th percentiles and the whiskers extend to the most extreme data points.
C. Correlation analysis with the aircraft velocity
A correlation analysis was performed to determine the dependency of the noise levels generated by the landing gear with the aircraft velocity. Previous studies in similar conditions [25, 26] , showed that the effect of the variable atmosphere on the sound propagation in the noise level variability for distances up to 100 m is negligible. As mentioned in Sec. II, the measurements were taken during two days with similar weather conditions. Therefore, the variability in the noise levels is assumed to be mainly caused by changes in the sound source, i.e., the aircraft. Figure 6 shows the variability of the OASPL generated by the nose landing gear for the Airbus A320 case [ Fig. 6(a) ] and for the Fokker 70 case [ Fig. 6(b) ]. Both aircraft types present a high and significant (p−values < 0.05) correlation between the OASPL at the landing gear and the aircraft velocity. This correlation is compatible with the expected theoretical prediction by Curle [27] , which states that the acoustic power approximately follows a 6 th power law (also included in the graphs in Fig. 6 ) with the airflow Mach number. For both aircraft types, coefficients of determination ρ 2 of around 0.7 are obtained, meaning that approximately 70% of the variability of the noise levels from the landing gear can be explained by changes in the aircraft velocity. Once again, a similar behavior was observed by Michel and Qiao [5] in their flyover experiments. 
D. Comparison with aircraft system noise prediction
In this section, the measured frequency spectra and OASPL values are compared with simulation results. In previous studies [30] , the predictions from the methods of Fink [31] and Guo [32] were compared with wind tunnel measurements using a scaled-model Boeing 777 main landing gear. However, as it was mentioned before, it is difficult to scale these results to obtain accurate full-scale predictions, since, for example, parasitic noise sources may not be detected in wind tunnel experiments [3] . Therefore, the comparison of the prediction models with flyover data of aircraft under operational conditions is of great interest. The simulations are carried out with a so-called scientific prediction tool. The German Aerospace Center (DLR) has developed this aircraft system noise prediction tool, i.e., the Parametric Aircraft Noise Analysis Module (PANAM) [28] . PANAM models the overall aircraft noise as a sum of individual noise components on-board and their interactions. Specific noise source models are applied to simulate the major noise sources, i.e., airframe and engine contributions, and ultimately to obtain the ground noise impact of the whole aircraft. These noise source models are parametrical, hence allow to modify the underlying parameters of each source. As a consequence, the parameters which refer to the operational and geometrical data can be optimized for minimal noise contribution (within predefined limits). This tool is mainly used to assess the impact of lownoise modifications to individual components on-board of existing aircraft or for the design of new low-noise aircraft [29] .
In the context of this paper, prediction results are generated for the Airbus A320 experimental test cases aforementioned. For the different flights, the frequency spectra for the nose landing gear and for the whole aircraft on a reference sphere of 1 m are predicted and compared to the measured spectra after beamforming. For illustration purposes, only the two cases with lowest (70 m/s) and highest (81 m/s) aircraft velocities available are presented here. The same analysis was repeated for measurements with different velocities, showing similar results. The comparisons of the experimental and predicted one-third octave frequency spectra for the nose landing gear noise are presented in Fig. 7 . The frequency range for the experimental data is restricted to 200 − 8000 Hz due to the limitations of the current microphone array geometry. Fig. 7 show a considerable difference between experimental and predicted spectra in both cases. It is seen that the measured data consistently indicate higher noise level values, with OASPL values approximately 7 dB higher than those predicted. The maximum A-weighted levels are present in the frequency range between 500 and 3000 Hz, as observed by Dobrzynski [3, 7] in wind tunnel tests with (original) full-scale landing gears. It can be observed that the predicted frequency spectra present no tonal contribution because only classical noise sources can be accounted for by PANAM. This is a strong indicator that the measured tonal peaks do indeed originate from a parasitic noise source, e.g. a cavity on the nose landing gear as mentioned before. In case the tonal peak would not be present, the observed OASPL for the nose landing gear would be approximately 2 dB lower, obtaining a closer agreement with the modeled data.
Results in
The frequency spectra for the whole aircraft is also compared for the same flyovers, as depicted in Fig. 8 . In this case, the experimental data considered refer to the sound signal of a single microphone corrected for the propagation effects mentioned in Sec. III.A. Because the whole aircraft is considered now, the noise contribution from the engines and all other modeled airframe sources is also included. The corresponding engine fan settings (N1%) of each flyover were calculated from the spectrograms [8] . For the cases shown in Fig. 7 they were found to be 48% for the flyover with a 70 m/s velocity and 43% for the one with 81 m/s. Furthermore, the geometric parameters for airframe and engines, and, most importantly, the engine performance data are required. All these necessary input data was not directly recorded during the experiments, and, therefore, had to be derived from the sound signals [8] and additional simulation results. In general, it seems that the experimental data in Fig. 8 present higher noise levels for frequencies between 150 and 1000 Hz and lower levels for lower and higher frequencies. The graphs for both velocities present similar trends in frequency. However the OASPL difference between the predicted and experimental results in this case is less than 1 dB. Even though there was a considerable difference in the nose landing gear predictions, the predicted total noise level at the source is in very close agreement with the experimental data. The observed differences can be partially attributed to one or a combination of the following facts:
1. The experimental results for the nose landing gear sound spectra (see Fig. 7 ) are obtained after applying beamforming, whereas the ones for the whole aircraft (see Fig. 8 ) are obtained using data from a single microphone.
2. Beamforming considers separated sound sources, whereas prediction models such as PANAM consider all the noise sources on an aircraft as a point source.
3. Apart from the inherent uncertainties of the experiments and models, the input data employed for the predictions was not directly recorded and had to be estimated or derived from additional data sources.
Finally, the observed ranking of the most dominant noise sources for these operational conditions was found to be the same as that predicted by the model.
V. Conclusions
In this research functional beamforming was applied to full-scale flyover measurements using a 32 microphone array. Special emphasis was placed on the noise emitted by the landing gear system due to its relatively high contribution to the total aircraft noise level during the approach stage. The analysis performed for the Airbus A320 measurements showed a strong tonal noise peak for frequencies around 1600 Hz generated at the nose landing gear. The frequencies where the peak is found do not scale with the aircraft velocity.
A detailed analysis of the noise emissions of the Airbus A320 and the Fokker 70 confirmed that the landing gear noise is a dominant source for both aircraft types during approach. Variations in the landing gear noise of around 6 dB were observed for flyovers of the same aircraft type. Around 70% of these variations can be explained by changes in the aircraft velocity, following the expected 6 th power law. Finally, a comparison of the measured Airbus A320 frequency spectra with the results of the aircraft system noise prediction tool PANAM was performed. The measurements indicate higher noise levels for the nose landing gear, presenting OASPL values around 7 dB higher than those predicted. This difference may be partially explained due to the fact that the tonal peak found for the Airbus A320 is not modeled in the predictions, which provides evidence that this noise source may be generated by a cavity in the nose landing gear. On the other hand, the difference between the predicted and measured noise levels for the whole aircraft is less than 1 dB and the ranking of the dominant sources is the same for both cases.
This study will hopefully improve the insight of landing gear noise in terms of frequency and aircraft velocity. For the tonal peak example, a careful analysis should be performed to eliminate this kind of airframe noise, e.g. by closing any unnecessary cavity with pin-hole caps or the installation of vortex generators.
The observed differences between the flyover measurements and the predictions emphasize the necessity of recorded flight data for such comparisons. Further research is recommended, including the study of other aircraft components from different aircraft types under a wider variety of operational conditions, allowing a more detailed comparison with the current prediction models.
